To compare the in vitro human humoral and cellular immune responses to wild-type (WT) pig corneal endothelial cells (pCECs) with those to pig aortic endothelial cells (pAECs). These responses were further compared with CECs from genetically engineered pigs (␣1,3-galactosyltransferase gene-knockout [GTKO] pigs and pigs expressing a human complement-regulatory protein [CD46]) and human donors. METHODS. The expression of Gal␣1,3Gal (Gal), swine leukocyte antigen (SLA) class I and class II on pCECs and pAECs, with or without activation by porcine IFN-␥, was tested by flow cytometry. Pooled human serum was used to measure IgM/IgG binding to and complement-dependent cytotoxicity (CDC) to cells from WT, GTKO, and GTKO/CD46 pigs. The human CD4 ϩ T-cell response to cells from WT, GTKO, GTKO/CD46 pigs and human was tested by mixed lymphocyte reaction (MLR). RESULTS. There was a lower level of expression of the Gal antigen and of SLA class I and II on the WT pCECs than on the WT pAECs, resulting in less antibody binding and reduced human CD4 ϩ T-cell proliferation. However, lysis of the WT pCECs was equivalent to that of the pAECs, suggesting more susceptibility to injury. There were significantly weaker humoral and cellular responses to the pCECs from GTKO/CD46 pigs compared with the WT pCECs, although the cellular response to the GTKO/CD46 pCECs was greater than to the human CECs. CONCLUSIONS. These data provide the first report of in vitro investigations of CECs from genetically engineered pigs and suggest that pig corneas may provide an acceptable alternative to human corneas for clinical transplantation. (Invest Ophthalmol Vis Sci. 2011;52:5278 -5286)
T-cell response to cells from WT, GTKO, GTKO/CD46 pigs and human was tested by mixed lymphocyte reaction (MLR).
RESULTS. There was a lower level of expression of the Gal antigen and of SLA class I and II on the WT pCECs than on the WT pAECs, resulting in less antibody binding and reduced human CD4
ϩ T-cell proliferation. However, lysis of the WT pCECs was equivalent to that of the pAECs, suggesting more susceptibility to injury. There were significantly weaker humoral and cellular responses to the pCECs from GTKO/CD46 pigs compared with the WT pCECs, although the cellular response to the GTKO/CD46 pCECs was greater than to the human CECs. CONCLUSIONS. These data provide the first report of in vitro investigations of CECs from genetically engineered pigs and suggest that pig corneas may provide an acceptable alternative to human corneas for clinical transplantation. (Invest Ophthalmol Vis Sci. 2011;52:5278 -5286) DOI:10.1167/iovs. A lthough corneal transplantation is readily available in the United States and certain other regions of the developed world, the worldwide need for human donor corneas far exceeds the supply. 1 The shortage is particularly severe in Asia. 1, 2 Furthermore, in some countries (e.g., South Africa), the shortage has been exacerbated by the high incidence of infection with the human immunodeficiency virus in the population, making donation unsafe. 3 Even in the developed world, the increasing popularity of refractive surgery is likely to reduce the supply of human corneas 4, 5 ; current Eye Bank Association of America standards do not allow the use of corneas that have been subjected to surgery for full-thickness corneal transplantation (penetrating keratoplasty).
Pig corneas could provide an alternative source, because the anatomic and biomechanical properties of human and pig corneas are similar. 1 The immune-privileged environment of the cornea appears to provide corneal xenogeneic grafts with some degree of protection. 6, 7 Indeed, corneas transplanted from wild-type (WT, i.e., unmodified) pigs into monkeys have been reported to survive for several months (Ͼ3 months) if corticosteroid is applied locally. 8 Immune-mediated destruction of corneal allografts and xenografts is primarily CD4 ϩ T-cell-mediated and targets the corneal endothelial cell (CEC), 9 -13 although keratocytes have also been suggested as important targets of corneal graft rejection.
14,15 CD8 ϩ T cells and NK T cells may play a role in rejection when CD4 ϩ T cells are absent or their function is impaired. 16 The immune response to corneal xenografts appears to occur almost exclusively by the indirect pathway. 17 There is a resident myeloid corneal dendritic cell population that is normally MHC class II-negative, but can readily upregulate class II expression during inflammation. 18 Thus, it is likely that a population of passenger leukocytes in xenogeneic corneas is involved in direct xenoantigen presentation to host T cells as well as in the alloimmune response, 19 especially if a corneal graft is placed into a high-risk patient (e.g., with a neovascularized and/or inflamed host corneal bed).
The role of cytotoxic anti-donor antibodies in corneal graft rejection remains a matter of discussion. 20 -23 Clinical studies suggest that, in some instances, antibodies may contribute to corneal allograft failure if a high-risk recipient has been sensitized to donor alloantigens 24 or if the donor-recipient combination is ABO-incompatible. 23, 25 Similarly, sensitization to xenoantigens has been detrimental to graft survival in rodent models of xenotransplantation. 13, 26, 27 This effect is, at least in part, a byproduct of the T cell-and macrophage-mediated response generated to the graft.
With the current speed of advances in the genetic engineering of pigs, 28, 29 it is increasingly likely that these immune responses will be overcome by the transplantation of corneas from genetically engineered pigs.
The primary purpose of the present study was to compare in vitro human humoral and cellular immune responses to pig CECs (pCECs) with those to pig aortic endothelial cells (pAECs), which are the target in vascularized solid organ xenografts, and to explore whether the effect of these immune responses is reduced when CECs from genetically engineered pigs are tested. This study is the first in which CECs from such pigs have been investigated. Our results demonstrated that the human humoral and cellular immune responses to genetically engineered pCECs were greatly reduced compared with those to WT pCECs, but were not comparable to those of human CECs (hCECs).
MATERIALS AND METHODS

Sources of Human Serum and Peripheral Blood Mononuclear Cells
Sera from six healthy human volunteers (including all ABO blood types) were pooled to form a single human serum reagent. The samples were obtained in accordance with the Declaration of Helsinki, with the informed consent of the subjects. Blood was immediately centrifuged at 4°C to preserve complement activity. Serum was stored at Ϫ80°C until use. Participants gave informed consent per the guidelines of the Institutional Review Board of the University of Pittsburgh. Peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats from multiple human donors (Institute for Transfusion Medicine, Pittsburgh, PA).
Sources of Pig Corneas and Aortas
Corneas and thoracic aortas were excised from (1) WT pigs, (2) ␣1,3-galactosyltransferase gene-knockout (GTKO) pigs (that do not express the Gal␣1,3Gal [Gal] antigen that is the major target for human anti-pig antibodies), 30 and (3) GTKO pigs transgenic for the human complement-regulatory protein CD46 (GTKO/CD46 pigs), 31, 32 all provided by Revivicor, Inc. (Blacksburg, VA). Three or four pigs from each type were used in these experiments. They were all of non-A blood type (O). All animal care procedures were in accordance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources of the National Institutes of Health.
Human Corneas
Corneas from deceased human subjects that were not usable for transplantation were provided by the Pittsburgh Center for Organ Recovery and Education with the approval of the University of Pittsburgh Committee for Oversight of Research Involving the Dead and in accordance with the guidelines of the Declaration of Helsinki for research involving the use of human tissue.
Corneal and Vascular Endothelial Cell Cultures
Freshly enucleated pig eyes were rinsed in PBS (Invitrogen, Carlsbad, CA) including antibiotic-antimycotic (Invitrogen). Corneoscleral rims were dissected and placed (endothelial side up) in the center-well organ culture dish (BD Biosciences, San Diego, CA). Epithelial and stromal cells were isolated and cultured as previously described. 33, 34 pCECs were peeled off by incubating with 0.25% trypsin-EDTA (Invitrogen) for 30 min at 37°C. pCECs were washed with RPMI medium (Invitrogen) containing 10% heat-inactivated bovine serum (Invitrogen) and cultured in medium 199 (Invitrogen) containing 10% heat-inactivated FBS (Sigma-Aldrich, St. Louis, MO), antibiotic-antimycotic, and endothelial growth factor (30 g/mL, BD Biosciences).
hCECs were isolated according to the method of Zhu and Joyce 35 and cultured with reduced-serum medium (Opti-MEM I; Invitrogen) containing calcium chloride (200 g/mL; Sigma-Aldrich), 0.08% chondroitin sulfate (Sigma-Aldrich), ascorbic acid (20g/mL; Sigma-Aldrich), bovine pituitary extract (100 g/mL; Biomedical Technologies, Stoughton, MA), 8% heat-inactivated FBS, antibiotic-antimycotic, and endothelial growth factor. pAEC culture was carried out as previously described. 32 All cells were cultured in collagen-I-coated 25-or 75-cm 2 tissue culture flasks (BD Biosciences). Activation of subconfluent pAECs and pCECs and of hCECs was performed by culture for 48 hours in recombinant porcine IFN-␥ (40 ng/mL; Serotec, Raleigh, NC) and human IFN-␥ (50 ng/mL; Serotec), respectively.
Flow Cytometric Analysis
Cells were diluted to 10 5 cells per tube in FACS buffer (PBS [Invitrogen] containing 1% BSA and 0.1% NaN 3 ). Surface expression of Gal, hCD46, and swine leukocyte antigen (SLA) class I and II antigens was detected by flow cytometer (BD LSR II; BD Biosciences), as previously described. 32 The expression of B7 molecules (CD80/86) on the cornea was also tested by using hamster anti-mouse CD80 monoclonal antibody (clone 16 -10A1; BD Biosciences), which has been reported to cross-react with pig CD80 36 and human CTLA4-Ig (R&D Systems, Minneapolis, MN) followed by FITC-labeled goat anti-human IgG-Fc polyclonal antibody (Bethyl Laboratories, Montgomery, TX).
Fluorescence Microscopy
To investigate the distribution of Gal epitopes and hCD46 on the pig cornea (epithelial, stromal, and endothelial cell layers), conjunctiva and sclera, corneas from WT and genetically engineered pigs were embedded in OCT compound (Tissue-Tek; Miles Laboratories, Naperville, IL) and stored at Ϫ80°C. Frozen sections were cut in 5-m thickness, air dried, and fixed with cold acetone for 10 min at Ϫ20°C. After acetone-dried slides were washed with PBS, the slides were blocked with serum-free protein block (Dako, Carpinteria, CA), followed by incubation with FITC-conjugated BSI-B4 lectin (5 g/mL; Sigma-Aldrich) or FITC-conjugated anti-human CD46 antibody (Serotec) for 20 minutes at room temperature. After washing with PBS, 4Ј,6-diamidino-2-phenylindole (DAPI; Invitrogen) was used for nuclear staining. The distribution of Gal and hCD46 were observed under fluorescence microscopy (Nikon, Elgin, IL).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was isolated from the cells (TRIzol; Invitrogen) followed by DNase I treatment (Applied Biosystems, Inc.
[ABI], Foster, CA), according to the manufacturer's instructions. The amount of total RNA was measured by spectrophotometry (Victor3 Multilabel Counter; Perkin Elmer, Covina, CA). Total RNA (500 ng) was subjected to first-strand cDNA synthesis in a volume of 20 L (High Capacity cDNA Reverse Transcription Kit; ABI, RNase OUT; Invitrogen), according to the manufacturer's instructions.
PCR was performed (TaKaRa Ex Taq Hot Start Version; Invitrogen) under the following conditions: denaturation at 98°C for 10 seconds, primer annealing/elongation at 68°C for 1 minute at 35 cycles. The PCR primer sequences used and the estimated length of the PCR products were as follows: porcine class II transactivator (CIITA) (200-bp), forward 5Ј-GACACGGACACCATCAACTG-3Ј, reverse: 5Ј-ACCTCCACGCTCTCACT-GAT-3Ј, and porcine GAPDH (133-bp), forward: 5Ј-GGGCATGAACCAT-GAGAAGT-3Ј, reverse: 5Ј-TGTGGTCATGAGTCCTTCCA-3Ј. RT-PCR products were visualized on 2% agarose gels.
Binding of Human Serum IgM and IgG to pAECs and pCECs
Binding of human xenoreactive antibodies to pig cells was measured using relative mean fluorescence intensity (MFI), as previously described.
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Complement-Dependent Cytotoxicity Assay with Chromium 51
The complement-dependent cytotoxicity assay was performed as previously described. 32, 37 Briefly, 10 4 51 Cr-labeled target cells suspended in RPMI medium containing 10% heat-inactivated bovine serum were loaded into each well and incubated with a non-heat-inactivated pooled human (including antibodies and complement) at various dilutions for 60 minutes at 37°C. After incubation, lysis of the target cells was detected by measuring the release of 51 Cr radioactivity into the cell supernatant. Cell killing was calculated as follows: percent cytotoxicity ϭ [(A Ϫ C)/(B Ϫ C)] ϫ 100, where A represents the experimental release (counts per million in the supernatant from target cells incubated with serum), B is the maximum release (counts per million released from target cells lysed with 4% Triton), and C is the minimum release (counts per million in the supernatant from target cells incubated with medium only). CDC values at the varying serum concentrations were calculated, and a curve was generated for each sample.
Mixed Lymphocyte Reaction
Human CD4
ϩ T cells as responders were isolated from PBMCs by negative selection with the CD4 ϩ T-cell isolation kit (Kit II; Miltenyi Biotec, Auburn, CA) as previously described. 38 CD4 ϩ T-cell purity was Ͼ98% by flow cytometric analysis. Human CD4 ϩ T cells as responders (2 ϫ 10 5 cells/well) were co-cultured with irradiated (2500 cGy) pAECs, pCECs, or hCECs with/without stimulation by pIFN-␥ or hIFN-␥ (at responder-stimulator ratios 10:1) for 5 to 6 days. All assays were performed in serum-free medium (AIM V; Invitrogen). The optimal conditions for the MLR were determined in preliminary experiments using different stimulator:responder cell ratios and different incubation times. The cells were cultured at 37°C in 5% CO 2 , and [
3 H]thymidine (1 Ci/well) was added to each well during the last 16 hours of incubation. The cells were harvested on glass-fiber filter mats with a cell harvester and were analyzed by ␤-scintillation counting on a liquid scintillation counter (Perkin Elmer). The mean of triplicate results were expressed as [ 3 H]thymidine uptake.
Statistical Methods
The statistical significance of differences was determined by Student's t-or nonparametric tests, as appropriate (Prism ver. 4; GraphPad Software, San Diego, CA). Values are presented as mean Ϯ SEM. Differences were considered to be significant at P Ͻ 0.05.
RESULTS
Expression of Gal and hCD46 on Cells from Pigs and Humans
By flow cytometry, all cultured WT pig corneal cell layers including epithelium, stroma, and endothelium, as well as the pAECs, expressed Gal on their surfaces (Fig. 1A) . The expression of Gal on the pCECs was lower than on other corneal cells. In contrast to WT, cultured corneal cells from GTKO pigs did not express Gal (Fig. 1B) . Although the expression of Gal on the pCECs was significantly lower than on the pAECs when the cells were quiescent (not activated), there was significantly increased expression when the pCECs were activated with pIFN-␥ (Fig. 1C) . In contrast to the pCECs, the expression of Gal on the pAECs was not significantly increased after activation. These results indicated that Gal expression on cultured WT pCECs is low, but may be inducible under various pathologic conditions of the host bed. By fluorescent staining, although strong expression of Gal was found in the limbal area of the WT pig corneas, this expression gradually diminished in the central cornea ( Fig. 2A,  left) , with minimal Gal expression in the keratocytes of the anterior stroma ( Fig. 2A right) . The corneal epithelium and endothelium showed no expression of Gal (not shown). Both GTKO pig (Fig. 2B) and human (Fig. 2C) corneas demonstrated an absence of Gal expression.
By flow cytometry, cultured corneal cells from the hCD46 pigs showed significant expression of hCD46 in all corneal cell types and the pAECs (Fig. 3A) . The expression of hCD46 on the pCECs was greater than on the hCECs (Fig. 3B) . There was no expression of hCD46 in any corneal cells from WT pigs (not shown).
Fluorescent staining showed that the hCD46 pigs expressed high levels of hCD46 in all corneal layers, including the CECs (Fig. 3Ca) . Human corneas expressed hCD46 in the epithelial and anterior stromal areas, with minimal expression in the posterior stroma and no expression in endothelium (Fig. 3Cb) . The WT pig corneas showed no expression of hCD46 (Fig.  3Cc) in any corneal layer.
Human IgM/IgG Binding to, and ComplementDependent Cytotoxicity of, WT pCECs and pAECs
Human IgM and IgG binding to the WT pCECs was significantly lower than to the WT pAECs (Fig. 4A) , correlating with the lower expression of Gal on the pCECs. However, when the cells were activated, both IgM and IgG binding to the pCECs were increased. In contrast to the pCECs, there was no significant difference in IgM and IgG antibody binding between the quiescent and activated pAECs. There was no significant difference in IgM binding to the pCECs and to the pAECs, although there was still significantly less binding of IgG to the pCECs. We anticipated that lower IgM/IgG binding to the pCECs would be associated with less lysis compared with that of the pAECs, but there was no significant difference in complement-mediated cell lysis between the pCECs and pAECs, whether the cells were quiescent or activated (Fig. 4B) , suggesting that pCECs may be less protected against complementmediated lysis.
Human Cellular Response to WT pCECs and pAECs
Quiescent and activated WT pCECs and pAECs were tested for SLA class I and II expression (Fig. 5A) . SLA class I and II expression on the pCECs was significantly lower than that on the pAECs and was significantly upregulated when the cells were activated. Although there was no significant difference in SLA class I expression between activated pCECs and pAECs (P ϭ 0.20), there was still significantly lower expression of SLA class II on the pCECs than on the pAECs after activation. The increased expression of SLA class II on both the pCECs and the pAECs was through a class II transactivator (CIITA)-dependent mechanism (Fig. 5B) . To investigate the human T-cell response to the pCECs and pAECs, we co-cultured isolated human CD4 ϩ T cells with quiescent or activated pCECs or pAECs in MLR. The human CD4
ϩ T-cell direct response to the pCECs was significantly weaker than to the pAECs, when the cells were quiescent or activated (P Ͻ 0.01; Fig. 5C ), correlating with lower expression of SLA class II on the pCECs. This suggested that less immunosuppressive therapy may be necessary to suppress the T-cell response to a pig corneal graft than to a vascularized pig organ graft.
Human Humoral and Cellular Responses to Genetically Modified Pig CECs
We investigated whether the human humoral and cellular immune responses to pCECs from genetically engineered pigs are reduced compared with those from WT pigs. Although lysis of the quiescent GTKO and GTKO/CD46 pCECs was minimal or none and was significantly less than that of the WT pCECs, lysis increased after activation (Fig. 6A) . There was no significant difference in lysis between the WT and the GTKO-activated pCECs. However, the GTKO/CD46 pCECs demonstrated significant resistance to lysis (Fig. 6A) . These results suggest that even corneas from GTKO/CD46 pigs require further genetic modification to protect them from human serum cytotoxicity, if the pCECs become activated.
The human CD4 ϩ T-cell responses to the GTKO and GTKO/ CD46 pCECs were significantly weaker than those to the WT pCECs, both before and after activation of the cells (P Ͻ 0.01; ϩ T-cell responses to GTKO and GTKO/CD46 pCECs were significantly greater than that to hCECs before activation of the cells (P Ͻ 0.01; Fig. 6B ), there was no significant difference in the human CD4 ϩ T-cell response to the human or pig CECs after activation (Fig. 6B) .
Expression of the Co-stimulatory Molecules CD80/86
Differences in expression of the co-stimulatory molecules CD80/86 on CECs between human and pig were assessed by flow cytometry, to investigate whether greater proliferation of human CD4
ϩ T-cells to pCECs is associated with higher expression of CD80/86 on the pCECs than on the hCECs. The pAECs constitutively expressed CD80/86 molecules; CD86 expression was upregulated when the cells were activated (Fig. 7A) . Although there was no expression of CD80 on the quiescent or activated pCECs, constitutive expression of CD80/86 was confirmed on the pCECs (Fig.  7B) , indicating that pCECs constitutively express CD86. CD86 expression was upregulated after activation. In contrast to the pCECs, there was no expression of CD80 or CD86 on the quiescent or activated hCECs (Fig. 7C) .
DISCUSSION
Because the cornea is an immune-privileged tissue, 40 its success as a xenograft may be greater than that of solid organ xenografts. Organ transplantation from a WT pig into a nonimmunosuppressed primate results in hyperacute rejection, which is associated with vascular occlusion and is commonly seen within minutes to hours. 41, 42 WT pig organs express Gal, the major pig antigen against which nonhuman primates and humans have preformed (natural) antibodies. [43] [44] [45] [46] [47] Binding of anti-Gal antibodies to pig cells in vitro results in rapid complement-mediated destruction of the cells. 32 In contrast, since the cornea is an avascular tissue, hyperacute rejection is not seen in small and large animal models of xenotransplantation. 13 In general, corneal xenografts are rejected faster than allografts. 26, 48 Although the precise mechanism of corneal xenograft rejection remains uncertain, it is likely to be related to natural, preformed antibody binding and complement activation.
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FIGURE 5. Significantly weaker human CD4
ϩ T-cell response to the WT pCECs than to pAECs, which was related to reduced expression of SLA class II on the WT pCECs, pCECs, and pAECs from a WT pig were activated with pIFN-␥ (40 ng/mL) for 48 hours. (A) SLA class I and II expression were measured by flow cytometry. Expression of SLA class I and II was lower on quiescent pCECs than on pAECs (P Ͻ 0.01). After activation, there was greater upregulation of SLA class I and II on the pCECs than on the pAECs. Although there was no significant difference in expression of SLA class I between the pCECs and pAECs after activation, there was higher expression of SLA class II on the pAECs than on the pCECs (P Ͻ 0.01, n ϭ 6; *P Ͻ 0.05, **P Ͻ 0.01). (B) RT-PCR was used to compare the effect of pIFN-␥ on CIITA mRNA expression on the WT pCECs and pAECs. The pCECs and pAECs were activated with pIFN-␥ for 48 hours. The expression of CIITA mRNA was measured by RT-PCR, with GAPDH being used as an internal control. pAEC constitutively expressed CIITA, and it was upregulated when cells were activated. There was no expression of CIITA in the nonactivated pCEC; however, it was upregulated when cells were activated. Results are representative of three independent experiments. (C) Human CD4 ϩ T cells were co-cultured with irradiated quiescent or activated the WT pCECs or pAECs. There was a weaker response to quiescent pCECs than to pAECs (P Ͻ 0.01). Although the human CD4
ϩ T-cell proliferative responses to the pCECs and pAECs were both increased when the cells were activated (P Ͻ 0.01), there remained a significantly weaker response to pCECs than to pAECs (P Ͻ 0.01, n ϭ 5; **P Ͻ 0.01).
FIGURE 4.
Less human IgM/IgG antibody binding to WT pCECs than to pAECs, but no difference in lysis. (A) IgM and IgG binding to WT pCECs and pAECs was measured using pooled human serum at 10% concentration. When cells were quiescent (nonactivated), IgM and IgG binding to pCECs was significantly lower than to pAECs (P Ͻ 0.01). After activation, there was increased binding to pCECs (P Ͻ 0.01), but not to pAECs. There remained less IgG (but not IgM) binding to pCECs than to pAECs (P Ͻ 0.01; n ϭ 6; *P Ͻ 0.05, **P Ͻ 0.01). (B) The lysis caused by 25% pooled human serum (n ϭ 6) of the WT pCECs before and after activation was compared with lysis of the pAECs. There was no significant difference in complement-dependent cytotoxicity of the pCECs and the pAECs (**P Ͻ 0.01).
Therefore, we first investigated whether the human humoral response to pig corneal cells, especially CECs, which are a main target of corneal graft rejection, 9 is different from that to pAECs, which are the target in a vascularized organ xenograft. WT pig corneas express Gal, mainly in the anterior stromal keratocytes, but not in the epithelium and endothelium of the central cornea, as reported by others. 49, 50 We speculate that the reason Gal is expressed in the limbal area, but not centrally, may be associated with the blood supply. The limbal area has a better blood supply and therefore receives more nutrition (e.g., oxygen and glucose), which may be associated with an increased metabolic rate in the cells of the area. In contrast, the central cornea is relatively avascular and not well-supplied with nutrients. (Tears are the main source of nutrition, and these do not contain glucose.) We believe this proposed mechanism is supported by our observation that, although quiescent central corneal endothelial cells do not express much Gal, when the CECs are cultured, increased Gal expression is observed.
All corneal cells, including endothelial, express Gal when they are cultured in vitro. Although the level of Gal expression on the pCECs was significantly lower than on the pAECs, the expression of Gal on the pCECs was more significantly increased when the cells were activated. Lee et al. 50 demonstrated that Gal expression is gradually induced on corneal stroma and cells during in vitro culture of the cornea and after pig-to-rat corneal transplantation. In experimental organ xenotransplantation, graft injury can be delayed by intensive immunosuppressive therapy, but this would not be an option with corneal grafts. If a corneal graft is implanted in a high-risk patient (e.g., with a neovascularized and inflamed host bed), preformed anti-pig antibodies, particularly anti-Gal antibodies, will gain immediate access to the graft and will almost certainly reduce graft survival. In the long term, therefore, the transplantation of corneas from WT pigs is likely to be problematic, even under cover of topical steroids and/or systemic immunosuppression. A complement-dependent cytotoxicity assay showed lysis of the WT, GTKO, and GTKO/ CD46 pCECs before and after activation (by pIFN-␥ 40ng/mL for 48 hours) by pooled human serum at 12.5% concentration. In contrast to the WT pCECs, there was no lysis of the quiescent GTKO and GTKO/ CD46 pCECs. After activation, although there was increased lysis of the pCECs from all types of pig, there was significantly less lysis of the GTKO/CD46 pCECs than of the pCECs from other pigs (n ϭ 4; *P Ͻ 0.05, **P Ͻ 0.01). (B) Human CD4 ϩ T cells were co-cultured with the WT, GTKO, GTKO/CD46 pig or human stimulator CECs before and after activation for 6 days. MLR showed significantly less proliferation of human CD4 ϩ T cells to GTKO and GTKO/CD46 pCECs and to hCECs than to the WT pCECs. There was significantly less proliferation of human CD4 ϩ T cells to the quiescent hCECs than to the GTKO and GTKO/CD46 pCECs. After activation, however, there was no difference in human CD4 ϩ T-cell proliferation to the GTKO and GTKO/ CD46 pCECs or to the hCECs (n ϭ 4; **P Ͻ 0.01 vs. WT, ϩϩ P Ͻ 0.01 vs. human).
Recently, the transplantation of cultivated CECs has been suggested as an approach to the treatment of corneal endothelial dysfunction. 51 pCECs may be an alternative source of CECs for clinical transplantation because of the shortage of human donors and the variable quality of their CECs. However, our data suggest that CECs from WT pigs express significant levels of Gal after culture. In contrast, GTKO pCECs may have potential for this approach and would reduce antibody-mediated cell lysis.
Surprisingly, the lower expression of Gal with associated reduced antibody binding to the pCECs did not result in reduced lysis of the pCECs compared with that of the pAECs. Activation of cells by cytokines (e.g., IFN-␥) can trigger or amplify apoptosis. 52 Indeed, our results indicated that even when there was no significant difference in IgM and IgG antibody binding to quiescent and activated pAECs, lysis of activated cells was significantly higher than that of quiescent cells.
Strong expression of complement regulatory proteins, such as CD46, CD55, and CD59, has been demonstrated in human corneal epithelium, but not endothelium. 53 CECs are therefore highly susceptible to lysis by complement-fixing antibody. 54, 55 As a result of both reduced antibody binding and increased resistance to complement-mediated injury, GTKO/CD46 pCECs showed significantly reduced lysis. In contrast to our previous study in which lysis of GTKO/CD46 pAECs by pooled human sera was minimal, even if the cells were activated, there was still significant lysis of GTKO/CD46 pCECs after activation, suggesting that pCECs may be more susceptible to complement-mediated injury.
Further cytoprotection of pCECs may therefore be necessary for long-term pig corneal xenograft survival. 56, 57 Expression of a second human complement-regulatory protein (e.g., CD55 58 ), and/or anti-inflammatory and anti-apoptotic genes (e.g., A20 59 ), or hemoxygenase (HO)-I, 60 may be necessary in GTKO/CD46 pigs. Pigs also express other (nonGal) antigens, against which there is a weaker, antibody-dependent, complement-mediated response when exposed to human serum. 32, 61 The nature of the nonGal antigens present on pig corneas is unknown, although the presence of N-glycolylneuraminic acid is likely. 62, 63 We next investigated whether the human cellular response to pCECs is different from that to pAECs. Lower expression of SLA class I and minimal to no expression of class II was documented on the pCECs compared with expression on the pAECs. Although both SLA class I and class II on the pCECs was upregulated with an inflammatory cytokine (e.g., IFN-␥), there remained lower expression of SLA class II on the pCECs compared with that on the pAECs. This was associated with a significantly weaker human CD4 ϩ T-cell response. The CIITA has been termed a master regulator for MHC class II. 64, 65 Under normal circumstances, the nonvascular endothelial cells of the cornea display no MHC class II, and the genes encoding these molecules are silent. In a mouse model, exposure of these cells to IFN-␥ failed to result in upregulation of MHC class II genes. 66 CECs expresses only MHC class II when stimulated simultaneously with IFN-␥ and TNF-␣, and this expression is independent of CIITA. 66 However, expression of SLA class II on pig corneal endothelium could be induced by IFN-␥ only through the CIITA. Therefore, regulation of CIITA in the pig may be important to reduce the human CD4 ϩ T-cell response to the pig cornea. 67 Pigs with a mutant CIITA in which upregulation of class II is greatly inhibited are currently available. 68 The absence of Gal expression on pig target cells reduces the human cellular response. 38,39,69 -71 Although the pCECs expressed a low level of SLA class II compared with the pAECs, the absence of Gal on the pCECs may also reduce the human CD4 ϩ T-cell response. Indeed, the human CD4 ϩ T-cell responses to CECs from GTKO and GTKO/CD46 pigs were significantly weaker than to WT CECs. There was no significant difference in SLA class II expression between WT, GTKO, and GTKO/CD46 pCECs (not shown).
The human CD4 ϩ T-cell response to the hCECs was significantly weaker than to the pCECs when CECs were not activated, but not when the CECs were activated. One of the costimulatory interactions occurs between CD28 (on the surface of T cells) and the B7 ligands CD80 and CD86 (on antigenpresenting cells). pAECs, unlike human endothelium, constitutively express CD80 and CD86 and are fully capable of stimulating a human T-cell response through the direct pathway, providing the potential for full human T-cell activation at the donor endothelial cell surface. 72 hCECs showed no expression of B7 molecules (CD80/CD86) even when activated (Fig.  7C) ; in contrast, pCECs constitutively expressed CD86 but not CD80 (Fig. 7B) . These results correlate with a significantly greater proliferation of human CD4 ϩ T cells to pCECs than to hCECs. The transplantation of corneas from pigs transgenic for the porcine costimulatory blockade agent porcine CTLA4-Ig 73 or treatment of the donor tissue ex vivo before grafting (e.g., incubation with CTLA4-Ig or single administration of a viral vector expressing CTLA4-Ig 74 ), which provides local immunosuppression against the T-cell response, is likely to reduce the human T-cell response.
In regard to coagulation disparities, with a graft as small as a corneal xenograft-and particularly as corneal grafts are vascularized by host vessels-it is unlikely that coagulation dysfunction will prove problematic. Therefore, expression of human "anticoagulant" or "antithrombotic" transgenes is unlikely to be necessary.
In conclusion, the present in vitro study suggests that corneal xenotransplantation may be more successful than vascularized organ xenotransplantation since there is a weaker human immune response. However, the use of corneas from pigs with multiple genetic modifications will be required to fully overcome the primate immune response. Corneal xenotransplantation may be a field in which xenotransplantation can move relatively rapidly into the clinic.
